Infection of Mus musculus with lymphocytic choriomeningitis (LCM) virus has long been regarded as an exceptionally informative model for studying numerous aspects of the interaction between a virus and its animal host (14) . Yet the phenomena of interest, which are associated with acute or persistent LCM virus infection of the mouse, are only partly understood. One reason for the slow progress may be seen in the limited knowledge we have of the structure of the virion. Because of the extraordinary lability of the infectious property of LCM virus, purification as a prerequisite for studying its biochemical and antigenic composition has been a difficult task. In this communication we report a procedure allowing the preparation of large amounts of highly purified LCM virus which has retained most of its infectivity.
MATERIALS AND METHODS Virus. LCM virus strain WE (27) was used throughout. Its quantification was based on infectivity and was performed either by means of a quantal micromethod (9) or a plaque test on L cells, using methyl cellulose as the solidifying substance in the overlay medium (M. Popescu and F. LehmannGrube, submitted for publication). Titers are expressed as mean infective doses and PFU, respectively.
L cells, clone 929, were freed of mycoplasma organisms by treatment with a hypotonic solution of antibiotics according to Gori and Lee (7) . They were grown as monolayers in rolled glass bottles (12) , each having a surface area of 1,600 cm2. Growth medium consisted of minimum essential medium (6) supplemented with non-essential amino acids (15) , 0.25% lactalbumin hydrolysate, and 3% heated calf serum. Infected cells were maintained in a similar medium which contained, in addition to the constituents listed, N-2-hydroxyethyl-piperazine-N'-2'-ethanesulfonic acid (29) at a final concentration of 0.01 M. If the virus was to be concentrated by polyethylene glycol (PEG), calf serum, from which the bulk of large proteins had been removed by treatment with 6% PEG 40,000, was used. The 10,000 x g supernatant still containing the PEG and approximately one-quarter of the original proteins was sterilized by filtration and stored at -20 C until use. Calf serum thus treated maintained the cells and permitted virus multiplication just as well as untreated serum. All media contained penicillin and streptomycin, 100 U and 100 ,g/ml, respectively.
Because of the great lability of LCM virus (13) , care was exercised to prevent loss of infectivity due to thermal inactivation. Thus, if virus had to be stored, it was snap-frozen in small samples in ampoules and kept at -70 C; for the purpose of titration virus diluents always contained 5% heat-inactivated calf serum. All manipulations involving virus were performed at <5 C.
Labeling of L cells with radioactive isotopes. ['H Juridine (40,000 to 60,000 mCi/mmol) and I4C-labeled protein hydrolysate (>45 mCi/matom of carbon) were purchased from Amersham Buchler, Braunschweig, Germany. To mark cellular RNA, uninfected incomplete monolayers were incubated with maintenance medium to which was added 5 ;&Ci of ['H Juridine per ml. Cellular proteins were marked with 1 uCi of "IC-labeled amino acids per ml, which was added to maintenance medium GSCHWENDER, BRUMMUND, AND LEHMANN-GRUBE containing one-tenth the prescribed concentration of unlabeled amino acids. After incubation for 3 days, the media from radioactive cultures were treated with NaCl and PEG 40,000, both at final concentrations of 6%. The cells were collected, disrupted by ultrasonication, and centrifuged at 3,000 x g for 10 min. The supernatants and the resuspended precipitates resulting from PEG treatment of medium were mixed and used in combination to monitor the purification procedure to be described (see below). Samples were mixed with a Triton-based toluene cocktail, and radioactivity was measured with a liquid scintillation counter (5) .
Chromatography. Details have been described (8 Urografin, which is a 76% solution of sodium and methyl-glucamin salts (66 and 10 parts, respectively) of N,N'-diacetyl-3,5-diamino-2,4,6-trijodobenzoic acid (amido trizoate), was a gift from Schering AG, Berlin. It was further diluted with GNTE buffer. Determinations of densities were based on refractive indexes, which were measured with a Zeiss-Abbe refractometer (C. Zeiss, Oberkochen, Germany) and calculated by comparison with a calibration curve, taking the temperature into account. Details of preparation and use of this newly developed gradient will be published separately (manuscript in preparation).
Protein determinations. Concentrations of proteins were determined according to Lowry et al. (16) , using bovine serum albumin as a standard. Alternatively, the procedure of Nakao et al. (18) was employed.
RESULTS
In preliminary experiments, optimal conditions for growth of cells and multiplication of virus in rolling bottles were determined. Best results are obtained with light monolayers which are infected with 0.001 to 0.01 mean infective doses/cell contained in 250 ml of maintenance medium, with incubation at 37 C for 40 to 48 h and with a rolling speed of 20 rotations/h. Addition of EDTA to the medium at a final concentration of 0.005 M 2 h before harvest detaches the cells from the glass and increases virus yields two-to fivefold in both medium and cells. This phenomenon is unexplained.
To keep the initial contamination of the virus preparation with cellular constituents to a minimum, only culture media are used as starting material. Two procedures have been developed for the concentration and purification of the virus based on phase exclusion with PEG and precipitation with zinc acetate, respectively, although use of PEG has proved to be preferable.
PEG procedure. The procedure finally adopted is outlined in Fig. 1 Centrifugation in a linear gradient followed by chromatography ends the purification procedure. The strongly UV-light-absorbing gradient material is completely eliminated from the virus-containing band by passing it through a column with CPG of 42-to 44-nm pore size. Data from the three last purification experiments performed in this series are presented in Table 1 , and average results from all successful experiments are given in Table 2 . The degree of purification as based on virus titrations and protein determinations is about 10,000-fold.
To have an estimate of the quantity of cellular impurities which might have slipped through the various purification steps, the following experiment was performed. Disrupted cells plus PEG-precipitated constituents of media from normal L-cell cultures labeled either with [3H ]uridine or with "IC-labeled amino acids (see Materials and Methods) were added to media from unlabeled L-cell cultures harvested 46 h after infection. Radioactivity was determined at each purification step. This experiment was repeated. The averages of counts are included in Table 2 . In Fig. 2 Zinc acetate procedure. An alternative method is useful, especially when small amounts of material are to be processed; it commences with precipitation of virus and proteins with zinc acetate. Optimal conditions for LCM virus are essentially the same as have been described for rabies virus (28) . Zinc acetate, dissolved 1.0 M in water, is added to medium from infected cultures (calf serum untreated) to give a final concentration of 0.02 M. The mixture is stirred for 20 min and then centrifuged for 20 min at 2,000 x g. The virus, together with approximately one-fourth of the proteins of the starting material, is contained in the voluminous sediment. This is dissolved in a small amount of diluent consisting of 0.5 M EDTA and 1.0 M Tris in water. Purification is accomplished with column chromatography using CPG of pore size 42 to 44 nm; infectious virus remains in the exclusion volume. Further concentration and purification is achieved by centrifugation for 2 h at 96,000 x g in a discontinuous (50, 25, and 10%) sucrose gradient. Whereas cellular impurities remain in the 25 and 10% layers, up to 40% of infectious virus is recovered from a band which forms on the 50% cushion. This band is collected and, as the last step of this procedure, sucrose is removed by CPG chromatography. Results from numerous experiments are summarized in Table 3 . Final concentration of infectious virus is 50-to 100-fold, and specific infectivity is increased about 200-fold. DISCUSSION During 40 years of LCM research, satisfactory purification of the infectious virus has not been achieved, although a variety of procedures have been attempted (14, 23 of the virus, which is rapidly lost as soon as proteins in the menstruum have dropped below a certain threshold level (13) . During our work with this virus and its interaction with Mus musculus, we had come to the realization that conditio sine qua non for further progress was a precise knowledge of the virus' chemical and antigenic composition, and despite the discouraging results of others the task was taken up anew.
The first step, namely, concentration of the virus from cell culture medium, turned out to be relatively easy. At this stage, co-precipitated proteins still exert their protective effects, and phase exclusion of macromolecules by PEG, as well as precipitation with zinc acetate (28), leads to satisfactory results. It should be stressed that precipitates obtained with PEG 40,000, which is used by us, contain less nonviral proteins than the precipitates formed upon addition of PEG 6,000, even though the latter is more widely used to concentrate viruses (1, 26) .
Purification without loss of infectivity turned out to be the major obstacle, and we might have failed had the method of chromatography on glass of controlled pore size (10) not been available. Its greatest advantage is rapidity, which allows runs to be completed within minutes. Thus, with columns of the sizes we routinely used this step takes less than 10 min, and 100 ml of concentrate can be purified on a column 2.5 by 150.0 cm within 15 min. Even with a thermal lability as great as the one characterizing our virus, this is a short time and losses due to heat inactivation are negligible. High-speed chromatography combined with large samples relative to column size reduce dilution effects and do not affect resolution if the virus remains in the exclusion volume. A further advantage of this method is that chromatography is possible with highly concentrated materials. Indeed, PEG-treated virus can be applied to the column without prior dissolution of the aggregates. The compound quickly penetrates into the glass pores, whereby its concentration is reduced, causing dissolution of the precipitate. The same effects cannot be obtained with gels which shrink because of the high osmotic pressure of the applied material.
Zonal centrifugation in sucrose gradients is possible but leads to dilution of the virus. In contrast, isopycnic banding results in concentration. However, centrifugation to equilibrium in density gradients employing materials which have proved their usefulness with numerous other viruses led to inactivation of 99% and more of the initial infectivity. This statement is especially true with cesium chloride but also applies to other compounds, namely, cesiumacetate, CsSO,, RbCl, KBr, KI, potassium-tartrate, NaBr, NaI, LiBr, and LiL. The difficulty was overcome when we began using amido trizoate for the gradients. Because of its high absorbancy this material is widely used in clinical medicine to mark body cavities for X-irradiation. Our assumption that nonaggressiveness as observed with respect to human tissues would also apply to LCM virus, as naive as this may seem, turned out to be correct, and amido trizoate is now successfully employed in this laboratory to centrifuge LCM virus as well as other viruses (manuscript in preparation). It should be noted that the density of the infectious virus as observed with this substance is only 1.14 g/cm I rather than 1.18 g/cm3, as determined with sucrose (19) . Probably our value comes nearer to the truth because sucrose is believed to dehydrate viruses, thereby increasing their apparent densities.
The virus obtained with the PEG procedure ( Fig. 1 ) must be regarded as highly purified.
Knowing that titration in cell cultures underestimates the actual number of infectious units by a factor of almost 10 
